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Radiati ve i nte rsubband plasmon polari tons in multiple quantum w ell
stru ctures , w it h arbitrar y numb er of quantum w ells, are discussed theoreti -
cally . T he disp ersi on relations are derived mo delin g multiple quantum w ell

structure by unif orm unia xial e˜ective medium and using a full set of the
Maxw ell equations for macroscopic (lo cal) electromagnetic Ùelds. N umerical
calculati ons are perf ormed for a \ GaA s{GaA s/A lGaA s multiple quantum
w ell{air " structure corresp ondin g to a typical total internal reÛection geom-

etry . Manif estation of these modes in total internal reÛection spectra is also
considered.
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R adiati ve (vi rtua l ) po lari to ns are electrom agneti c m odes of opti cal ly- acti ve
layered structures , whi ch m igrate outsi de the sampl e in the form of radi ati on.
These modes are very useful in di scussion of opti cal pro perti es of mul til ayer sys-
tem s. It is connected wi th the fact tha t, in contra st to nonradi ati ve m odes, they can
coupl ewi th externa l electrom agneti c wa ves.For the Ùrst ti m eradiati ve m odes were
di scussedby Kl iewer and Fuchs in R ef. [1]. (These autho rs investi gated exci ta ti ons
of the ionic crysta l slab connected wi th phonon{ photo n intera cti on.) They showed
tha t vi rtua l polari to ns are characteri zed by compl ex frequency ! = ! 0 + i! 00 . Con-
tri buti on to the absorpti on spectra due to an indi vi dual vi rtua l m ode is a resonance
peak centered at ! 0 wi th to ta l wi dth 2 j ! 00

j . The imaginary part of the frequency
is connected wi th the radiati ve and scatteri ng dam ping.

In thi s paper we wa nt to adopt vi rtua l m ode approach to describe opti -
cal pro perti es of mul tipl e quantum well in the frequency range correspondi ng to
intersubba nd tra nsiti ons. W e wi l l consi der radi ati ve polari to ns whi ch are a m ix-
ture of intersubba nd pl asmons and photo ns. (No nradi ati ve intersubba nd plasmon
polari to ns wi l l be a subj ect of forthco ming arti cl e.)

Ê corr esp on din g au t h o r; e-m ail : wzi et k o@ty t an .um cs. lu bl in. p l

(425)



426 W. Zi ² tkowski , M. Za¤uâny

Pro perti es of the intersubba nd tra nsiti ons (ITs) are discussed in deta il in
the revi ew arti cle by Hel m [2]. Bul k intersubba nd plasmon polari to ns (IPPs) in
inÙni te superlatti ces are inv estigated by Ki ng-Smith and Inkso n [3] in the ful ly
nonlocal appro ach. The radiati ve and nonra diati ve IPPs in a single quantum well
(SQW ) structure are di scussedby Chen et al . [4] in the fram ework of the so-cal led
local slab model and W endler et al . [5, 6] (see also Ref. [7]) empl oyi ng the ful ly
nonlocal appro ach.

Below we discussdi spersion pro perti es of the radiati ve intersubba nd plasmon
polari to ns (R IPPs) in a typi cal \ di electri c{ MQW { ai r" system s whi ch are com -
m only used in to ta l interna l reÛection (TIR ) setup experim ents. The di spersion
relati ons of radiati ve m odes wi l l be derived m odel ing an MQW structure (wi th ar-
bi tra ry numb er of quantum well N Q W ) by an ẽ ecti ve uni axi al local medium [8, 9].
The usefulness of the local susceptibi l i ty m odel for descripti on of opti cal pro perti es
of MQW structures (co nnected wi th R IPPs) has been recentl y dem onstra ted by
D upont et al . [10].

As was mentio ned, in thi s paper the MQW structure is trea ted as an e˜ec-
ti ve uni form uni axi al medium . The diagonal dielectri c tensor " ( ! ) describi ng the
opti cal properti es of such a m edium can be wri tten in the fol lowing form [8]:

" j j ( ! ) = ¯ x x + Â " x x ( ! ) ; j = x ; y ; (1)

" À 1
z z ( ! ) = ¯ À 1

z z À Â " z z ( ! ) = " 2
w ; (2)

Â " x x ( ! ) = i4 ¤ ¥ 2D
x x ( ! ) = ! L M QW ; (3)

Â " z z ( ! ) = i4 ¤ ~¥ 2D
z z ( ! ) = ! L M QW ; (4)

where ¯ x x = ( 1 À f ) " b + f " w , ¯ À 1
z z

= (1 À f ) = " b + f = " w ; " b ( " w ) is the background
di electri c constant of the barri er (wel l ) m ateri al , f = L QW =L M QW , L M QW is the
period of the MQW structure and L QW i s the thi ckness of the QW . (W e assume
for sim pl ici t y tha t the QW s have rectangular shape.)

The norm al 2D conducti vi ty ~¥ 2D
z z

( ! ) describes (nonreta rded) response of the
quasi-two- di mensional electron gas (l ocated in the single QW ) to the z com ponent
(no rm al to the growth di recti on) of the externa l electri c Ùeld

È
= E ( r ) eÀ i ! t .

The expression for ~¥ 2D
z z ( ! ) ta kes the form [11]:

~¥ 2D
z z

( ! ) =
N se f

m

À i !
~! 2

21 À ! 2
À i2! =§?

; (5)

where ~E ² ñh ~! i s the intersubba nd tra nsiti on energy m odiÙed by the depo-
lari zati on and exci to n-l ike e˜ects, f = 2 m ñh À E z i s the oscil lato r strength
connected wi th 1 ! 2 tra nsiti ons ( f ¤ 1 ), §? i s the phenomenological dephasing
ti m e connected wi th 1 ! 2 tra nsi ti ons, N s is the surface electron concentra ti on,
and Ùnal ly, e and m are the charge and e˜ecti ve m ass of the electron, respec-
ti vel y. For simpl ici ty we restri ct ourselves to the two parabol ic subba nd m odel
(wi th the intersubba nd spacing E ² ñh! ) assuming tha t onl y ground subba nd
is occupied. Since we work in the frequency range correspondi ng to intersubba nd
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tra nsiti ons, the contri buti on of intra subband tra nsi ti ons to " x x i s negl igibly smal l.
D ue to thi s, in analyti cal calcul ati ons we ta ke Â " x x ( ! ) = 0 .

Using Eqs. (1) and (2), one Ùnds tha t (i n the dissipati onless l imit) IPPs in
bul k e˜ecti ve m edium obey the di spersion relati on [12]:

! in f
Ï

( k x ; k M QW
z ) =

1
p

2

ç

( ! 2
1 + ~! 2

2 1 ) Ï

q
( ! 2

1 À ~! 2
2 1 ) 2 + 4 ¨ 4

inf

Ñ =

; (6)

where = k x ; 0 ; k M QW
z i s the polari to n wave vecto r in the e˜ecti ve m edium ,

! ² ! ( k x ; k M QW
z ) = c k x =¯ z z + ( k M QW

z ) = ¯ x x , ¨ inf = f ( ! M QW
p ck x ) " w =¯ z z ,

and ( ! M QW
p ) = 4 ¤ N se =m" w L M QW .

Let us consider TM eigenmodes tha t pro pagate in the x À z plane in a three-
-phase system form ed by MQW structure (m edium 1) sandwi ched between two
semi-inÙni te m ateri als. W e assume tha t the region j z j < d M QW = 2 is occupied by
MQW structure and the surro undi ng m ateri als pl aced above (m edium 0) and
below (m edium 2) the sam ple are characteri zed by dielectri c consta nt " and "

( " > " ), respecti vel y. Since we wo rk in the TIR regime, we assume tha t the
angle of propagati on ' (i n m edium 0) is greater tha n the cri ti cal angle ' ti r

c =

arcta n ( " 2 =" 0) . In another words, only these vi rtua l modes whi ch radiate f rom
MQW structure to medium 0 (no t m edium 2), wi l l be considered.

The components of electri c Ùeld (i n the j -th m edium ) connected wi th TM
m odes can be wri tten in the fol lowing form :

E x ( z ) = À B eik z ; z > d M QW =2;

E x ( z ) = A eÀ ik z
À B eik z ; j z j < d M QW =2;

E x ( z ) = A eÀ ik z ; z < À d M QW =2;

(7)

E z ( z ) = k

k
B eik z ; z > d M QW =2;

E z ( z ) = k

k

" !

" !
A eÀ i k z + B eik z ; j z j < d M QW =2;

E z ( z ) = k

k
A eÀ ik z ; z < À d M QW =2;

(8)

wi th

k j
z

=
K " j À k x

; j = 0 ; 2 ;
p

" x x K À k
x

=" z z ; j = 1 ;
(9)

where K = ! =c i s the wa ve vecto r of the radiati on in vacuum .
Em ployi ng the standard bounda ry condi ti ons for ta ngenti al components of

electri c Ùeld and norm al com ponents of displacement vecto r, we get [4]:

i ta n( k M QW
z d M QW ) =

" x x

k M QW
z

"

k z

+
"

k z

"

k z

"

k z

+
" x x

k M QW
z

À

; (10)

where k M QW
z = k z . The electrom agneti c (EM) excita ti ons (polari to ns) described

by Eq. (10) can be general ly divi ded into two classes: (i ) nonradiati ve (bound)
m odes and (i i ) radiati ve modes (for deta i l see R efs. [1, 4]).
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Fig. 1. Regions in the ! À ' plane (a) and the k x À ! plane (b) for w hich R IPPs, con-

sidered in this pap er, exist. ~K 2 1 =
p

.

Fig. 2. Disp ersi on curves for high- frequenc y (lef t panels) and low -frequency (right pan-

els) RI PPs in the \GaA s{M QW{air" system describ ed in the main text.
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As m enti oned in thi s paper, we consider onl y radi ati ve modes radiati ng to
the m edium 0, at Ùxed pro pagati ng angle ' ( > ' tir

c ). W ave vecto r, frequency
and pro pagati on angle of such m odes shoul d obey the fol lowing relati ons: k x =

j k x j ei ˜ ; ! = j ! j ei ˜ and ' = arcta n j k x j = j k
( 0 )
z j , where ˜ i s rea l numb er [1].

Num erical calcul ati ons (see Fi g. 1) are perform ed f or a standard GaAs /
Al GaAs MQW structure sim i lar to discussed in Ref. [8]: ~E 2 1 = 1 1 1 m eV,
f 1 2 = 0 : 8 5 ; N s = 1 :2 È 1012 cm À 2, L M QW = 405 ¡A ; " w = 10:9, ¯ x x = 1 0 : 0 8

and ¯ z z = 1 0 : 0 6 . Vi rtua l m odes can occur in the two (shaded) regions of ' À !

pl ane (k x À ! pl ane). Mo des lyi ng above ~! 2 1 are cal led high- frequency (H) modes.
Mo des occurri ng below ~! 2 1 are cal led low- frequency (L) modes.

Insp ection of Eq. (10) indi cates tha t a \ GaAs{ MQW { ai r" structure may
supp ort inÙni te num ber of radiati ve m odes (n = 0 ; 1 ; 2 . . .). Fi gure 2 presents di s-
persion curves for RIPPs in a GaAs{ GaAs/ Al GaAs MQW { ai r system wi th [8]:
" 0 = " G aA s = 10:9; " 2 = " air = 1 ( ' tir

c = 17:631£ ), 2 À = 2 ñh§ À 1
?

= 1 1 : 2 m eV,
N QW = 200. Fi gure 2 shows dispersion curves of high- and low- frequency modes,
for ! close to ~! 2 1 . It is worthy noti ng tha t hi gh- frequency m odes, in contra st to
low- frequency m odes, occur onl y for ' smal ler tha n cri ti cal angle
' c = arcsin ¯ z z =" .
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In the case of TIR geometry , in the absenceof quasi- tw o-dim ensional electron
gas in MQW structure al l the incident l ight wi l l be reÛected by the structure. D ue
to the intersubba nd exci ta ti ons and dampi ng, energy is rem oved from inci dent
beam and the reÛection coe£ cient R ( ! ; ' ) i s reduced to lesstha n uni ty . As m en-
ti oned we wo uld l ike to associ ate structure in absorpti on spectra \ GaAs{ MQW { ai r"
system wi th R IPPs.

Fi gure 3 presents ! -dependence of absorpti on A ( ! ; ' ) = 1 À R (! ; ' ) calcu-
lated employi ng a tra nsfer m atri x m etho d for ' = 6 5 £ (< ' c ) and ' = 7 5 £ ( < ' c ) .
W e are able to associate each peak (structure ) wi th appro pri ate radi ati ve m ode.
The double bar above each peak i l lustra tes the center frequency £ 0 of the vi rtua l
m ode, i ts tota l wi dth 2 j £ 00

j calcul ated wi th À = 1 1 : 2 meV, and i ts radi ati ve wi dth
2 j ² 00

j calcul ated wi th À = 0 . The results presented in Fi g. 3 supp ort useful ness of
the vi rtua l modes appro ach in the descripti on of the inf rared opti cal properti es of
MQW structures .
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